Abstract-Core@shell Fe@Fe 3 O 4 NPs are synthesized via the thermal decomposition of iron pentacarbonyl (Fe(CO) 5 ) in the presence either of oleylamine (OAm) or a mixture of OAm and oleic acid (OA). In the presence of a single surfactant, the heterostructured nanocomposites formed do so by a postsynthetic modification of isolated Fe seeds. The deployment of a secondary surfactant allows the synthetic methodology to be developed from a two-pot scenario where seeds are isolated then coated, to an easier and more efficient direct one-pot scenario. In both cases, the monodisperse product reveals a carbonaceous interface between the Fe core and oxide shell. Meanwhile for the one-pot synthesis, the OA:OAm ratio influences both the morphology and dispersity of the product. This is interpreted in terms of competing interactions of the ligands with the iron precursor. Superparamagnetism (SPM) is observed, and microscopic studies reveal oxidative stability of the Fe(0) cores achieved by either method for >6 months. It is proposed that the carbonaceous interface is critical to this sustained oxidative stability.
I. INTRODUCTION
The use of magnetic nanoparticles in catalyst recovery and many biological applications such as magnetic fluid hyperthermia and targeted drug delivery, [1] and as MRI contrast agents, [2] is enormously important. Among the contenders for new magnetic nanoheaters (MNHs), ironbased nanomaterials are by far the most promising through their non-toxic properties, as classified by the FDA. [3] Since iron readily oxidizes, most research has been on the specific heat loss (SHL) achievable with iron oxide MNHs. However, while SHL is ca. 1.5 mJ/g for iron oxide it is 5.6 mJ/g for iron so, if they can be protected from oxidation, iron MNHs promise a step change in inductive heating technology.
Heterostructured core@shell nanoparticles represent some of the most exciting materials available to science. They have attracted interest by virtue of their large surface areas, synthetic chemical flexibility and often unique properties. [4] However, the need to furnish these nanomaterials using complex, multi-step processes has detracted from applications on account of the unpredictability, cost and effort of the postsynthetic modification (PSM) of potentially unstable nanoscale seeds. These difficulties often combine to rule out the large-scale production of nanoparticles with tunable sizes; for example, transferring batch reactor synthesis to the microflow regime. [5] In this work we show that a methodology developed for stabilizing toxic cobalt NPs [6] can be generalised to achieve the much more challenging target of imbuing Fe NPs with outstanding resistance to oxidation. We prove that pristine iron nanoparticles can be easily stored in air for months at a time without oxidizing. To achieve this level of robustness, we initially use a two-step process in which iron seeds undergo PSM. However, we then achieve new efficiencies by creating a direct, one-step synthesis of stable Fe NPs. We verify MNH composition and structure and gain a detailed understanding of the remarkable stability seen. We propose a mechanism for particle formation and demonstrate the vital role of a sub-surface carbonaceous layer at the metal-oxide interface in core stability.
II. RESULTS AND DISCUSSION

A. Post synthetic modification of Fe seeds
Fe(CO) 5 was decomposed in octadec-1-ene and oleylamine to furnish OAm-capped Fe seeds. Redispersal in hexane allowed coating using further Fe(CO) 5 (Figure 1) . TEM analysis revealed heterostructured NPs based on a core@shell architecture in which the shell constituted a 2-3 nm coating, with a MSD of 12.3 ± 1.6 nm for the core@shell product. Electron energy loss spectroscopy (EELS) line scans confirm the PSM of a pristine Fe core with an oxide shell. Representative Figs. 2b show a drop in the oxygen signal in the resulting particle cores. It is clear that the drop in oxygen signal corresponds to the occurrence of a carbon maximum at the core-shell interface and which is exactly within the bounds of the two oxygen maxima observed for the shell. While, to the best of our knowledge, there is no known mechanism that would explain the passive oxidation of an Fe NP to yield carbonaceous material internal to the particle structure, the entrapment of existing surfactant on the Fe cores as well as incoming surfactant from the Fe coating dose explains our observations. 
B. Direct formation of Fe@Fe 3 O 4 nanoparticles
To reduce the time, effort and cost associated with PSM we next targeted a direct one-step synthesis of stable Febased NPs. Initial investigations focused on adding a second surfactant, oleic acid, to the existing oleylamine-octadecene solution, and iterating reaction conditions to optimize product morphology. In this pursuit, temperature, surfactant ratios, iron dosage and reaction time were modulated, with the optimized particles displaying a MSD of 9.7 ± 0.4 m, and a magnetization saturation value of 0.99 ± 0.19 emu g -1 , consistent with the SPM expected of Fe at this length scale.
Moving to Scanning TEM (STEM), data indicate that NPs exhibit a more complex core@double-shell structure than that suggested by bright field TEM imaging (Fig. 3a,b) . Syntheses in which an oxidizing agent has been used to form a Fe 3 O 4 shell around a pre-formed Fe core have hitherto induced the formation of a void space between core and shell. In contrast, the present systems demonstrate no hollow particles after months of air exposure. Instead, high resolution STEM reveals a lower contrast region between core and outer shell for all particles. In addition, vibrating sample magnetometry measurements conducted on a sample stored for more than 15 months showed no significant reduction in the magnetic saturation value of the sample over that time (0.99±0.07 emu g -1 (cf. 0.99±0.19 emu g -1 fresh)). Taken together, these observations establish that the particle cores exhibit significant long-term resistance to oxidation and that this originates from each NP incorporating an interfacial layer of trapped carbonaceous material. This view is supported by electron tomography on the directly formed particles, which revealed cores suspended within, but never in direct contact with, their surrounding shells. The failure to observe a 'yolk-shell' type system suggests the interstitial layer contains a low density material. Furthermore, EELS mapping established the presence of carbon between the core and outer-shell (Fig. 3c-f ).
III. CONCLUSION
By exploring the use of a dual surfactant reaction medium, core@double-shell particles were prepared in which neither PSM coating nor high temperatures (cf. 180 °C in the direct synthesis vs. 250 °C in the two-step protocol) were required. Nevertheless, Fe@Fe 3 O 4 NPs still formed efficiently, with the nature of the oxide confirmed using multivariate analysis of EELS data. The Fe core stability of the prepared particles in both cases may be attributed to a carbonaceous interface between the core and Fe 3 O 4 shell, as justified using HAADF-HRSTEM, EELS and tomography.
